In this study, the mean and variability of boundary layer height (BLH) are analyzed along a transect in the eastern Pacific Ocean for the summer of 2003 using BLH estimates based on the height of the main relative humidity (RH) inversion and the height of low cloud tops (CTH). The observations and the regional and global model data have been prepared in the context of the Global Energy and Water Cycle Experiment (GEWEX) Cloud System Study (GCSS) Pacific Cross-Section Intercomparison (GPCI). The GPCI transect covers the transition from a stratocumulus-topped marine boundary layer (MBL) off the coast of California to a trade cumulus-topped, less-well-defined, MBL, and finally to the deep-convection regions in the intertropical convergence zone (ITCZ). The Atmospheric Infrared Sounder (AIRS) and the Multiangle Imaging Spectroradiometer (MISR) have been used to derive observational records of the two BLH estimates. Analyses from the ECMWF are also used in the study. Both BLH estimates in the models, the ECMWF analysis, and the observations agree on a southward vertical growth of the MBL along the GPCI transect in the stratocumulus region. Away from the region typically associated with extensive cloud cover, the two BLH estimates depict different evolutions of the MBL. In most models, the height of the main RH inversion decreases southward from ;188N, reaching a minimum at the ITCZ, whereas the height of the RH inversion in the ECMWF analysis and a few of the models is fairly constant all the way to the ITCZ. As a result of insufficient vertical resolution of the gridded dataset, the AIRS data only manage to reproduce the initial growth of the BLH. The median-model CTH increases from the stratocumulus-topped MBL to the ITCZ. In contrast, the observed MISR CTHs decrease southward from 208N to the ITCZ, possibly indicative of the fact that in these regions MISR manages to capture a variety of cloud tops with a mean that is below the subsidence inversion while the models and the ECMWF analysis mainly simulate CTHs corresponding to the height of the subsidence inversion. In most models and in the ECMWF analysis, the height of the main RH inversion and the CTH tend to coincide in the northern part of the GPCI transect. In the regions associated with trade cumuli and deep convection there is a more ambiguous relation between the two BLH estimates. In this region, most of the models place the CTH above the main RH inversion. The ECMWF analysis shows a good agreement between the BLH estimates throughout the transect.
Introduction
Large persistent decks of low stratiform cloudiness can be found in the eastern parts of the subtropical ocean basins (e.g., Klein and Hartmann 1993) . Because of large-scale subsidence and relatively cold waters, the marine boundary layer (MBL) is normally shallow in these regions and upside-down convection, generated by infrared cloud-top cooling, is important for maintaining the well-mixed MBL. When the air mass of the lower troposphere is advected equatorward with the trade winds, it is exposed to increasing sea surface temperatures (SST) as well as weakening subsidence. The surface fluxes of heat and moisture increase, and surface-driven convective updrafts become increasingly important for maintaining the MBL. As a consequence of these changes, the depth of the MBL is increasing and the stratocumulus-topped MBL evolves into a cumulus-topped MBL (e.g., Bretherton and Wyant 1997; Bretherton et al. 1999) .
There is a substantial contrast in cloud radiative forcing between these two cloud regimes (Ramanathan et al. 1989; Hartmann et al. 1992) . In the stratocumulus region the clouds, because of their extensive cloud cover, strongly influence the top-of-the-atmosphere albedo. However, because of the relatively small difference between cloud-top temperature and surface skin temperature these clouds only weakly influence the outgoing longwave radiation. During the summer, when the insolation is large, the surface net cloud radiative cooling in the stratocumulus regime is around 100 W m 22 (Ramanathan et al. 1989) . For the cumulus-topped region the cloud cover is significantly smaller and the overall influence of these clouds on the radiation budget is less profound.
In the Intergovernmental Panel on Climate Change's Fourth Assessment Report (IPCC AR4; Solomon et al. 2007 ) differences in cloud response in a warmer climate are attributed to be the primary source of cross-model variability, and thus uncertainty, of future projections. Bony and Dufresne (2005) suggested that the main uncertainty of the cloud feedback, in turn, is associated with MBL clouds in regions of large-scale subsidence.
The decks of stratocumulus clouds found in the eastern part of the subtropical ocean basins and the mechanisms responsible for the breakup into trade wind cumulus thus have substantial impact on the global climate. This has been the motivation of several field campaigns-for example, the First International Satellite Cloud Climatology Project (ISCCP) Regional Experiment (FIRE; Albrecht et al. 1988) , the Atlantic Stratocumulus Transition Experiment (ASTEX; Albrecht et al. 1995) , the East Pacific Investigation of Climate (EPIC) model , the Second Dynamics and Chemistry of Marine Stratocumulus field study (DYCOMS-II; Stevens et al. 2003) , and Rain in Shallow Cumulus over the Ocean (RICO; Rauber et al. 2007 )-as well as extensive modeling activities (e.g., Krueger et al. 1995; Bretherton et al. 1999; Svensson et al. 2000) ; McCaa and Bretherton 2004) . Still, the mechanisms responsible for the often abrupt transition between the cloud regimes are not fully understood. The concept of a cloud-top entrainment instability (CTEI) was originally proposed by Lilly (1968) and was further explored by Randall (1980) and Deardorff (1980) . CTEI would occur when subsaturated air is entrained into the stratocumulus-topped MBL. The relatively lighter entrained air is then cooled by evaporation and might, under certain conditions, become negatively buoyant. This is hypothesized to positively feed back on the turbulent entrainment, resulting in the breakup of the stratus layer. Whether the CTEI feedback is strong enough to account for the cloud breakup has, however, recently been questioned (e.g., Yamaguchi and Randall 2008) . Other studies indicate that drizzle (e.g., Paluch and Lenschow 1991) and excess in-cloud latent heat release over cloud-top radiative cooling (Bretherton and Wyant 1997) cause a decoupling of the MBL. The consequence of the decoupling is a decline in the vertical moisture transport to the cloud layer, which eventually may cause the stratus layer to break up.
Over subtropical oceans, changes in the depth of the well-mixed boundary layer, confined by the subsidence inversion, are associated with mesoscale and large-scale processes of vertical motion and temperature discrepancies between the advected air mass and the SST. Air advected equatorward with the trade winds from the relatively shallow stratocumulus-topped MBL will experience a vertical growth that is due to increasing entrainment of relatively warm and dry free-tropospheric air into the boundary layer and/or decreasing subsidence.
The simulation of boundary layer clouds in general circulation models (GCMs) is a notorious challenge for the modeling community (e.g., Weare 2004; Bony and Dufresne 2005; Teixeira et al. 2008a; Karlsson et al. 2008) . To make reliable model projections of the future climate it is important that changes occur for the right reasons. It is therefore necessary, although not sufficient, to have a good representation of the processes that determine the present-day climate. Evaluating the representation of the boundary layer height (BLH) in models offers an integrated way of evaluating the chain of processes that affects the MBL. The BLH is controlled by physical processes on a wide range of scales and also has a close connection to the type of cloud regime and thus to the cloud forcing on the climate.
There are operational, surface-based, methods to determine the height of the boundary layer [see Seibert et al. (2000) for a review]. However, in remote regions knowledge on the vertical extent of the boundary layer stems from field campaigns and satellite estimates. Although field campaigns are crucial, they are limited both in time and space. The increasing sophistication of satellite instrumentation opens up new possibilities to increase our knowledge of the boundary layer. In regions where BLH coincides with the cloud-top height (CTH) of low clouds (i.e., stratocumulus regions), estimates of BLH can be derived from satellite-retrieved cloud-top heights (e.g., Minnis et al. 1992; Ahlgrimm and Randall 2006; Wood and Bretherton 2004; Zuidema et al. 2009 ). Most of these studies derive the CTHs by combining low-level cloud-top temperatures retrieved from passive satellite IR sensors with SSTs and lapse rates. These IR-derived CTH estimates do, however, depend on several more or less empirically assured assumptions regarding, for example, the lapse rate valid for the whole well-mixed MBL and the near-surface temperature and humidity. In addition, the presence of temperature inversions complicates CTH retrieval since the temperature profiles will have the same temperature at two or more levels. Nevertheless, the BLH derived from IR retrievals has proven successful in regional evaluations (e.g., Minnis et al. 1992; Stevens et al. 2007) . Some recent studies (e.g., Ahlgrimm and Randall 2006; Lin et al. 2009 ) have instead utilized active spaceborne lidars to estimate the BLH from CTHs in the stratocumulus regions. The advantage of active sensors is that they provide direct measurements of the CTHs. The relatively poor spatial and temporal sampling is the downside. For the period analyzed in this study no spaceborne lidar data are available.
Other studies have utilized satellite retrievals to identify the vertical location of the inversion in temperature and moisture that typically caps the boundary layer. To mention a couple, Fetzer et al. (2004) In this study, we analyze the mean and variability of BLH along a transect in the eastern Pacific Ocean (see Fig. 1 ) in models and observations. The transect covers the transition from a stratocumulus-topped MBL off the coast of California to a trade cumulus-topped, less defined, MBL, and finally to the deep convection in the ITCZ as shown schematically in Fig. 2 . In deriving the BLH two different estimates are used. The first estimate is the height of the maximum vertical gradient of relative humidity (RH) with respect to pressure. Since the RH is both temperature and moisture dependent it 
is a well-suited variable for deriving the height of the subsidence inversion. The second estimate is the CTH of low clouds. In the stratus regime, cloud-top cooling acts to preserve the subsidence inversion, and therefore the two BLH estimates are expected to coincide in this region. In the trade wind cumulus-topped MBL the cumulus clouds are the result of convective updrafts, generated by turbulent surface heat fluxes or mass convergence in the lowest layers of the atmosphere, which penetrate through the conditionally unstable layer above the mixed layer. The vertical extent of the convective updrafts depends on the energy input at the surface as well as the vertical distribution of moisture and temperature in the lower troposphere. Thus, there is no a priori reason for these two BLH estimates to coincide in the trade wind cumulus regime and even less in the proximity of the ITCZ. Still, the individual BLH estimates contain relevant information on the state of the MBL and the boundary layer clouds, information that could be applicable when evaluating GCMs. The benefit of the two BLH estimates is that they enable a relatively straightforward comparison between models and satellite observations.
Method and data
Model and observational data are from the Global Energy and Water Cycle Experiment (GEWEX) Cloud System Study (GCSS) Pacific Cross-Section Intercomparison (GPCI; Teixeira et al. 2008b Teixeira et al. , 2010 , manuscript submitted to J. Climate). The intention of GPCI is to provide a relatively simple framework to evaluate models against observations. The Pacific cross section is roughly aligned parallel to the trade winds and stretches from 358N, 1258W in the northeast to 18S, 1738W in the southwest (Fig. 1) . The summer climatological low-level cloud fraction (Fig. 1) shows a smooth transition from extensive cloud cover in the stratocumulus region to smaller cloud cover in the trade wind cumuli region and equatorward (from ISCCP ''D2'' data; Rossow and Schiffer 1999) . This smooth transition is largely a statistical feature; the transition is often abrupt in its nature (e.g., Teixeira et al. 2010 , manuscript submitted to J. Climate). On occasion, actinoform clouds form in connection with the stratocumulus-to-cumulus transition (Garay et al. 2004 ). Siebesma et al. (2004) carried out an intercomparison of cloud representation along this Pacific cross section in GCMs. One of the main conclusions of their study was that most models substantially overestimated (underestimated) the downwelling surface radiation in the stratocumulus (trade wind cumuli) regime. The GPCI study involves more models and has a broader target and finer temporal resolution.
The period studied in our analysis is June, July, and August (JJA) of 2003. As a quasi-observational record, analyses (model version CY26R3) from the European Centre for Medium-Range Weather Forecasts (ECMWF) are used.
a. Observations

1) MULTIANGLE IMAGING SPECTRORADIOMETER
The Multiangle Imaging Spectroradiometer (MISR) instrument on board the sun-synchronous polar-orbiting Terra satellite has nine cameras that view the earth at different angles. The operational retrieval of CTHs resorts to stereo-matching algorithms that coregister reflectivity patterns of different images and to geometrical considerations that translate the total disparity (apparent distance) of each stereo-matched cloud element to cloud motion and CTH (Zong et al. 2002) . In the analysis, the MISR level-2 wind-corrected cloudtop-height product Davies et al. 2007 ) is used. The MISR CTHs have a horizontal resolution of 1 3 1 km 2 and a nominal accuracy of 6560 m . For low-level clouds the statistical error is smaller, approximately 6300 m (Naud et al. 2004; Garay et al. 2008) . The MISR CTHs are extracted for 38 latitude 3 48 longitude boxes centered at the transect grid points, and only cloud tops below 3000 m are considered. The number of MISR orbits during JJA 2003 with good registration quality varies between 12 and 23 for the individual transect boxes (rightmost numbers in Fig. 1 ). Because of problems in retrieving good-quality cloud movement vectors (winds), the number of passages with wind-corrected CTHs is lower. Well-organized cloud scenes with sufficient contrast are favorable conditions for successful retrieval of cloud motion . Scenes with relatively homogenous stratocumulus decks or scattered trade wind cumuli thus pose more of a challenge for the retrieval algorithm. This is illustrated in the lower number of orbits with retrieved wind-corrected low CTHs (,3000 m), which varies between 5 and 19 along the transect (leftmost numbers in Fig. 1 ). Because the cloud-movement retrieval is sensitive to the cloud scene itself, a potential cloud-sampling bias cannot be excluded. The descending node's equatorial crossing time for the sun-synchronous Terra satellite is about 1030 local solar time. The temporal sampling unfortunately rules out analysis of the diurnal cycle. One advantage with the MISR instrument is the stereophotogrammetric cloud-top height retrieval, which, in contrast to infrared instruments, requires no information on the atmospheric state (Garay et al. 2008) . With the relatively fine horizontal resolution of the instrument comes a limited spatial coverage.
Previous studies have shown the retrieved MISR CTHs to be in good agreement with in situ observations in the stratocumulus regime (Garay et al. 2008) and with other remote sensing data in the trade wind cumulus regime (Genkova et al. 2007) .
For the comparison with the GPCI model results, MISR CTHs are converted to pressure by using reanalysis data from the National Centers for Environmental Prediction (NCEP; Kalnay et al. 1996) . First, the spatial average MISR CTHs are calculated for the 38 3 48 crosssectional boxes. The NCEP geopotential and temperature fields are then interpolated bilinearly to be representative at the transect point. Third, the MISR cloud-top pressure is derived by assuming a constant lapse rate and hydrostatic balance between the NCEP reanalysis levels that enclose the mean MISR CTHs.
2) THE ATMOSPHERIC INFRARED SOUNDER
With more than 2000 spectral channels, the AIRS instrument provides information on the vertical distribution of water vapor and temperature (and thus relative humidity) in the atmosphere (Aumann et al. 2003; Chahine et al. 2006) . The AIRS instrument is on board the polarorbiting sun-synchronous Aqua satellite, which crosses the equator at approximately 1330 and 0130 local solar time on the ascending and descending node, respectively. In this study we use the horizontally gridded, daily, level-3, standard retrieval, version-4.0 data on pressure levels. The pressure levels located in the lower troposphere and considered in this analysis are 1000, 925, 850, and 700 hPa. Over the ocean, the AIRS retrievals have been validated to be accurate within 1 K for 1-km-layer averages and to 15% for 2-km-layer averages for temperature and humidity, respectively (Fetzer 2005) . Fetzer et al. (2004) utilized AIRS retrievals to describe the subsidence-related temperature inversion and the height-resolved water vapor field over the subtropical Pacific Ocean. The temperature inversions showed good agreement with ECMWF model analyses, and, relative to operational radiosondes in the region, the heightresolved moisture field showed small biases in the lower troposphere.
As also discussed in Fetzer et al. (2004) , two issues should be taken into consideration when using AIRS data to study the lower troposphere. First, the AIRS retrieval accuracy is sensitive to the cloud cover and only for infrared effective cloud fractions (i.e., the emissivity multiplied by the cloud fraction) of less than 70% is the retrieval successful. This evidently has implications for the yield in regions of extensive cloudiness. The biased sampling related to the cloud cover sensitivity of the AIRS retrievals has been shown to introduce a moist bias in terms of the total precipitable water vapor (PWV) in the stratocumulus regions (Fetzer et al. 2006 ). In the subtropics, which are characterized by dry freetropospheric air, the PWV is expected to be indicative of the height of the well-mixed MBL. The moist bias in terms of PWV in the AIRS data for the stratocumulus regions could then imply that the biased sampling toward smaller cloudiness is associated with an oversampling of relatively deeper MBL. Second, the coarse vertical resolution of the AIRS dataset rules out analysis of finer vertical structures. The ECMWF analyses assimilate radiances from AIRS (McNally et al. 2006 ).
b. Models
In Table 1 the model centers and model versions included in the analysis are listed. The models that contribute data to the GPCI project but do not have all necessary variables to derive the BLH estimates (a small subset of all models that contribute data to the GPCI project) are excluded from the analysis. The model simulations were conducted with prescribed SSTs. The surface temperature of the ocean is crucial for the evolution of the MBL along the transect. Thus, for a fair comparison of modeled boundary layer and cloud-height evolution, prescribed SSTs are a necessity. As reference, Fig. 3 shows reanalyzed SSTs along the GPCI transect from NCEP. The simulated atmospheric fields are reported as 3-hourly snapshots except the radiative and turbulent fluxes, which are reported as 3-h means. The analysis is performed on model levels. The modelers have used different interpolation techniques when reporting the data at the horizontal points of the transect. The models do have different horizontal and vertical resolutions; however, regardless of these differences all model results are analyzed in the same way.
Both BLH estimates are derived from the model data. In the process of deriving the low-cloud-top pressure in the models, the following steps/assumptions are made: 1) model levels with gridbox-mean cloud condensate of ,0.01 g kg 21 are treated as cloud free, 2) only lowcloud-top scenes in which no high or medium high clouds are present (.3000 m or ,700 hPa) have been used, 3) the simulated boundary layer clouds have been assumed to be maximally overlapped when calculating cloud-top pressure, and 4) the cloud tops in the models and in the ECMWF analysis have been assumed to be located at the half-level above the regular model level.
A threshold on the simulated cloud condensate (step 1) is necessary because satellites have a lowest detectable limit. A couple of models also exhibit ''empty clouds''-that is, they have cloud fraction but virtually no condensate. The choice of cloud condensate threshold has little impact on the cloud-top pressure in terms of the across-model variability and mean model value. However, the number of identified low-cloud-top scenes is highly sensitive to the choice of cloud condensate threshold. Using a too-large threshold leads to model levels being erroneously treated as cloud free and decreases the number of low-cloud-top pressures derived. On the other hand, using a too-small threshold also decreases the number of derived low-cloud-top pressures since a smaller number of optically thin high clouds are filtered out by the algorithm. The choice of 0.01 g kg 21 optimizes the number of low-cloud-top scenes identified while not increasing the cloud-free scenes. Because high cloud tops (e.g., deep convection towers or frontal and cirrus clouds) are not representative of the boundary layer, these are excluded from the analysis (step 2). For the remaining cloud scenes-those containing low clouds with enough condensate-the mean cloud-top pressure p cloud is derived, assuming the clouds reported at the model levels to be maximally overlapped:
where f i is the cloud fraction at model level i, fmax i is the largest model level cloud fraction, p i is the pressure of the model half-level, and d i is a unit step function, which is unity if the model level cloud fraction exceeds the previously largest cloud fraction and zero otherwise. The sums are calculated from above; the lower bound of summation (i 5 1) thus corresponds to the uppermost model half-level below 700 hPa (;3000 m) classified as cloudy, and the upper bound of summation (i 5 n) corresponds to the model level closest to the surface. For example, a scene with a cloud fraction of 30% at 800 hPa and of 50% at 900 hPa results in a mean cloud-top pressure of 840 hPa while a scene with a cloud fraction of 50% at 800 hPa and of 30% at 900 hPa results in a mean cloudtop pressure of 800 hPa. The BLH estimate based on the height of the maximum vertical RH gradient with respect to pressure is derived in the following way. First the differences in RH between adjacent model layers are divided by the corresponding differences in pressure. These discrete gradients are most representative at the midlevel pressures. The reported BLH estimate is accordingly the pressure at which the largest RH gradient, between the surface and 700 hPa, is found.
Results and discussion
The vertical distributions of all 1 3 1 km 2 MISR CTHs retrieved during JJA 2003 for the northern part of the transect (328-208N) are shown in Fig. 4 . This part of the GPCI transect comprises the region of solid stratus as well as where the stratus-to-cumulus transition (SCT) in general occurs. The distributions have been normalized by the total number of samples at each transect point. The mean cloud-top height increases as one moves southward, from 969 m at 328N to 1806 m at 208N. This indicates a comparable increase in the mean BLH since the cloud-top height is expected, at least in the stratocumulus region, to coincide with the subsidence inversion and thus represent the BLH. While the mean cloud-top height increases southward, the distributions also widen during the SCT (Fig. 4) , indicative of a weakening of the subsidence inversion and warmer SSTs enhancing the turbulent surface fluxes and convective updrafts. Although the seasonal trend in SST during the analyzed period is larger in the northern part of the GPCI transect (Fig. 3) , possibly implying a similar behavior of the CTH variability, the widening of the distributions (Fig. 4) rather indicates that more convective situations are associated with larger variability.
The fact that the distributions tend to be multimodal is partly attributable to temporal variability in the retrieved CTHs between different MISR overpasses (not shown). This is especially true for the 238 and 208N points (Fig. 4) , which only have a modest number of overpasses (5 and 7, respectively) with retrieved wind-corrected CTHs. For the boxes centered at 328, 298, and 268N the numbers of satellite passages with retrieved wind-corrected CTHs during JJA 2003 are 16, 15, and 14, respectively (see leftmost numbers in Fig. 1 ). Multilayer cloud scenes are a challenge for the MISR wind retrieval , and an increased number of these events at 238 and 208N as well as a smaller number of good-quality orbits could be the reason why fewer overpasses have windcorrected CTHs. Figure 5a shows the modeled and observed BLH estimate based on the pressure at which the maximum vertical RH gradient with respect to pressure is found as a function of latitude along the transect. In Fig. 5b the latitudinal evolution of the BLH estimate in each of the individual models is shown. All individual models, the ECMWF analysis, and the AIRS data show an expected southward increase in this BLH estimate from 358 to 208N. This is also the part of the transect where the most solid cloud deck is found (cloud cover above 50%; see Fig. 1 ) and where the stratus-to-cumulus transition is expected to take place. The median-model ensemble value shows a good agreement with the ECMWF analysis in this region (and with AIRS from 358 to around 258N), where the BLH evolves, according to the vertical location of the main RH inversion, from around 950 hPa at 358N to around 850 hPa at 208N. These values are consistent with previous observational estimates from in situ measurements (Schubert et al. 1995) and GPS radio occultation satellite observations (von Engeln et al. 2005) . Despite the apparent good agreement in terms of the median-model ensemble, the variability between models in mean BLH is too large: at places the difference between the maximum and minimum model values is as large as the BLH itself.
The median-model BLH estimate based on the RH inversion (Fig. 5a ) decreases southward from 188N and reaches a minimum at the ITCZ, which during the analyzed period is located around 58-108N. However, a couple of models as well as the ECMWF analysis show a fairly constant BLH from 188N to the ITCZ (Fig. 5b ).
An important characteristic of the evolution of BLH is the fact that there is little change south of around 208N in the ECMWF analysis, AIRS, and a couple of models. Again this is consistent with some previous observations (von Engeln et al. 2005) and was highlighted by Schubert et al. (1995) to contrast previous perceptions of a more dramatic deepening of the trade wind inversion equatorward (see, e.g., Fig. 14.7 in Emanuel 1994) . The lower and close-to-constant values of the BLH south of 208N in the AIRS data (Fig. 5a ) can be mostly attributed to the coarse vertical resolution of this particular dataset version. The fact that data show the trade wind inversion to be found almost exclusively between 925 and 850 hPa south of 208N still opens up for considerable BLH growth and variability not resolved by the gridded AIRS dataset. A preliminary case study in the trade wind boundary layer shows that it is possible to improve the retrieved vertical structure of temperature and RH in the lower troposphere using the high-vertical-resolution AIRS support retrieval product (J. Martins 2009, personal communication). However, a more extensive analysis of the AIRS support retrieval product is outside the scope of this study. Note that, while models show different evolutions of the BLH estimate based on the height of the main RH inversion, all models and observations agree in a decrease of the RH inversion strength toward the ITCZ (not shown).
The model median and ECMWF analysis temporal variability of the BLH estimate show good agreement along the transect (Fig. 5c ). The increase of variability toward the ITCZ is likely a combination of weaker subsidence inversions and a larger variability in the strength of the convective updrafts. The southward decrease in the seasonal cycle amplitude of the prescribed SSTs (Fig. 3) is not reflected in the variability of the BLH estimate based on the RH gradient. The differences between the models in terms of the temporal variability of the BLH is again substantial and is a cause for concern, with some models showing variability values that are almost 5 times as large as others. According to AIRS, variability of the RH-based BLH estimate is, more or less, nonexistent south of 208N (Fig.  5c ). This is most likely attributable to the coarse vertical resolution of the AIRS dataset, although the absence of diurnal variability in the AIRS data also should contribute to the lower variability.
The simulated and observed BLH estimates based on low-cloud-top height are shown in Fig. 6 . Described previously in section 2a(1), MISR 1 3 1 km 2 low CTHs are spatially averaged over 38 3 48 boxes centered at the transect points (Fig. 1) for a more fair comparison with the model data. The median model, the ECMWF analysis, and the MISR data all show an increase in CTH from 358 to 208N (Fig. 6a ), in line with the RH inversion estimate. In a stratocumulus-topped MBL the two BLH estimates are expected to coincide because the vertical growth of the cloud is limited by the inversion. According to the ECMWF analysis and the model median the cloud-top height then increases farther south of 208N to the ITCZ (;58-108N). This is in contrast to the MISR results that instead show a decrease in low-level CTH for the same stretch of the transect. The region from 208N to the ITCZ is typically associated with trade wind cumuli and deep convection. We speculate that the CTH decrease seen in the MISR data is connected to the decoupling of the MBL and the transition to a cumulustopped boundary layer. When the MBL becomes decoupled, a weakly stable transition layer separates the surface mixed layer from the layer capped by the subsidence inversion. A large majority of the convective plumes do not have enough energy to reach the subsidence inversion. This results in a multitude of small cumuli with cloud tops below the subsidence inversion. A small number of more energetic convective plumes manage to penetrate through the transition layer and reach the subsidence inversion and above. This predominance of relatively shallow and small cumuli with cloud tops beneath the subsidence inversion has been documented in several recent studies (e.g., Genkova et al. 2007; Zhao and Di Girolamo 2007) . The discrepancy between the MISR and the model and analysis results (Fig. 6a) have resolutions on the order of 1 km and are as such able to detect a variety of cumulus clouds, which presumably have tops at several different heights. In practice, it appears that the models (and the ECMWF analysis) are mostly capturing a CTH that roughly corresponds to the top of the boundary layer while MISR is able to capture a variety of cumulus cloud tops with a mean that is below the boundary layer depth. Note, however, that this could also partly be an artifact of too few satellite passages with wind-retrieved low cloud tops.
The CTH temporal variability of the models and the ECMWF analysis is in relatively good agreement with the MISR observations (Fig. 6c ). There is a weaker latitudinal dependence on the variability of the BLH estimate based on CTH than is the case for the RH gradient estimate. The variability is also in general smaller for the low-cloud-top pressure than for the BLH estimate based on the RH gradient. There is an interesting dependence on the cloud regimes: in the stratocumulus region the variability in the height of the RH inversion and CTH is very similar, with values of around 30-40 hPa, whereas in the deep convection regions the variability of the RH inversion height is almost 2 times the corresponding values for the CTH. Figure 7 shows mean versus temporal variability (1 standard deviation) of the two BLH estimates at different points along the transect for the individual models and observations. The mean model variability for both BLH estimates increases toward the ITCZ (;58-108N), and the across-model spread shows the same tendency. In the region typically associated with stratus clouds, the models show internal consistency and better agreement with the observations with respect to the mean and the temporal variability of both BLH estimates when compared with regions associated with trade wind cumulus and deep convection. The ECMWF analysis mean and variability of the BLH estimates stay relatively close to the model mean values. As discussed earlier, because of the poor vertical resolution of the dataset AIRS is not able to produce realistic results because of poor resolution in the cumulus-and deep convection-dominated regions. In Fig. 8 , the two BLH estimates for each individual model, the ECMWF analysis, and the observations are plotted against each other. The different shades of gray of the markers indicate the geographical location of the points along the GPCI transect. Data points on the right (left) side of the 1-to-1 line indicate that the mean cloudtop height is below (above) the main RH inversion. From the diagram it is evident that the estimates show better agreement in the northern (stratocumulus) part of the transect (darker shades of gray), both for models and for observations. Here, the majority of the models produce CTHs at a slightly lower altitude than inversion heights, which is what is expected for a stratocumulustopped MBL. At lower latitudes where convective updrafts are more important for maintaining the MBL and the subsidence inversion is significantly weaker, a majority of the models depict CTHs that extend higher than the height of the main vertical RH gradient. This may well be because of the decrease in the altitude of the main RH inversion that most models appear to have in the deep convection region (Figs. 5a,b) , which is not consistent with previous observations or with the ECMWF analysis. In the presence of boundary layers that are not well mixed, the cloud-base RH inversion may be comparable in strength to that of the boundary layer inversion (e.g., Zeng et al. 2004 ). This could be the reason why several models show a decrease in the altitude of the main RH inversion equatorward where the subsidence inversion weakens. A few models show the opposite behavior, placing the low cloud tops at a lower altitude than the main RH inversion (Fig. 8) . In the particular case of the ECMWF analysis, the two estimates, CTH and BLH, show a remarkably good agreement along the whole stretch of the transect. Although it would be nice to assume that this is a realistic behavior, it is still not clear how many of the characteristics of the ECMWF analysis are model dependent (as opposed to relying fundamentally on the observations being assimilated). In this context, it is important to remind the reader that very few of the observations being assimilated in the ECMWF analysis have a direct impact on the tropical and subtropical cloudy boundary layer over the ocean. In particular, 1) there are virtually no radiosonde observations in the region, 2) the infrared sounding information being assimilated is for noncloudy (clear) situations, and 3) the sensitivity of infrared and microwave observations to the cloudy boundary layer vertical structure is negligible. 
Summary and conclusions
In the framework of GPCI (Teixeira et al. 2008b , Teixeira et al. 2010 , manuscript submitted to J. Climate) we analyze the boundary layer height evolution in models and observations in a situation in which the lower atmosphere is advected, by the prevailing northeasterly trade winds, from a typically stratocumulus-topped MBL off the coast of California to a trade cumulus-topped MBL and farther south to the deep convective regions of the ITCZ.
In this study, satellite-based observations are utilized to estimate the boundary layer height over this remote ocean area. From these datasets, two proxies for boundary layer height have been defined: 1) the pressure at the level at which the maximum vertical gradient (with respect to pressure) of RH is found and 2) the cloud-top pressure of low clouds. These estimates enable a relatively straightforward comparison between models and satellite observations. AIRS and MISR retrievals have been used as a satellite record for the proxies based on the RH inversion and low-cloud-top pressure, respectively. Analysis results from ECMWF for the area are also used in this context. The period studied is JuneAugust 2003.
The observational data and the models, including the ECMWF analysis, clearly show an increase in boundary layer height (most pronounced in the northernmost part) along the GPCI transect from the stratocumulus regions toward the equator. The two observational estimates agree well on the magnitude of the depth of the boundary layer in the stratocumulus region and the intermodel variability as well as that the observational variability is the smallest in this region. Farther south, the two methods of estimating the boundary layer height show less agreement. Most likely, the AIRS data underestimate the boundary layer height south of 208N, with very little variability (mainly because of a lack of vertical resolution of this particular AIRS product), whereas the MISR data depict a decrease in cloud-top height to the shallowest observed layers close to the equator. We speculate that the different evolution in the CTH of MISR, the models, and the ECMWF analysis resolution on which the models and the ECMWF analysis represent cloud fraction and cloud liquid content is on the order of 100 3 100 km 2 while the resolution of the MISR instrument is on the order of 1 3 1 km 2 . With regard to both absolute value and temporal variability, the models show better agreement internally and when compared with observations in the northern part of the transect, which typically is associated with an extensive area of stratocumulus, than in the southern regions normally associated with shallow cumulus and cumulus. The models show more variability in the boundary layer height estimate based on the RH inversion than in the estimate defined from the low-cloudtop height. A possible reason for the larger variability in the RH inversion-based estimate might be that it oscillates between the subsidence inversion and a potentially strong cloud-base RH inversion that may be present in boundary layers that are not well mixed. When advected southward along the transect, the air experiences increased buoyancy fluxes, eventually creating a convective background state. In practice, models have different parameterizations for different types of clouds and different rules for when and how these parameterizations are combined. For convective situations the interplay of parameterizations in distributing the buoyant energy is important for the state of the boundary layer. The lesser agreement between models in the region typically associated with shallow cumulus and cumulus might thus be related to a more complex and subjective interplay of the increased number of parameterizations contributing to the vertical redistribution of humidity and temperature for atmospheric states in which deep convection might occur.
The fact that the growth of the MBL along the GPCI transect depicted from the BLH estimates in both models and observations is less dramatic agrees with the result of Schubert et al. (1995) rather than previous ideas, suggesting a steeper increase in the height of the MBL from the trade wind cumulus region to the ITCZ (e.g., Emanuel 1994, see his Fig. 14.7) .
This study presents feasible methods of how satellitebased observational techniques can be used for evaluating the boundary layer height in large-scale models over remote oceans. These methods and datasets could also be applied to evaluate the performance of cloudresolving models and large-eddy simulations. Boundary layer height is a variable that can be viewed as an integrated result of a series of processes that are important for the air-sea exchange and radiative properties of the clouds in this region. By using satellite observations, the possibility to extend this method to cover large portions of the oceans can make a contribution to the evaluation of climate models and subsequently to their improvement.
